T obacco (Nicotiana tabacum L.) is a flowering plant with a central, terminal meristem that suppresses the growth of axillary buds (suckers) by hormonal action (Peedin, 1999) . At an advanced stage of growth, most commonly 8 to 10 wk after transplanting, the terminal meristem is removed from the plant to increase the yield and quality of cured leaves, as well as to reduce lodging and insect presence (Papenfus, 1987; Fisher et al., 2017) . The removal of the terminal meristem is a practice termed as "topping." Topping accelerates the growth and development of suckers (Decker and Seltmann, 1971) , which must in turn be manually or chemically removed for maximized leaf yield and quality (Peedin, 1999) . Overwhelmingly, chemical sucker control is preferred by US producers due to the high cost and low availability of manual labor (Peedin, 1999) .
or three leaves are a minimum of 10 to 12 inches in length (Collins and Hawks, 2013) . Prior to MH application, fatty alcohol (FA) contacts and contact-local systemic suckercides (such as butralin or flumetralin) are applied to inhibit sucker development . At present, two MH formulations are used in the production of flue-cured tobacco: 1.50 and 2.25 lb a.i./gal . Regardless of formulation, recommendations from the North Carolina Cooperative Extension Service suggest that application rates of MH should not exceed 2.25 lb a.i./acre to minimize cured leaf residues . Applications are delivered directly above plants in a concentrated band measuring 18 to 20 inches in width through a solution volume of 50 gal/acre to ensure sufficient plant coverage and stalk rundown . Under normal growing conditions, MH will suppress sucker growth for ~6 to 7 wk after application (Collins and Hawks, 2013) .
Despite the benefits of MH application to sucker growth suppression and the reduced cost of production, MH residues are significantly higher than other pesticides used on tobacco (Collins and Hawks, 2013) . Sheets and Nelson (1989) reported that MH residue levels ranged from undetectable to a high of 351 ppm when 2.25 lb a.i./acre was applied to flue-cured tobacco produced in North Carolina. In addition, of the 163 samples analyzed by Sheets and Nelson, 36% of the samples exceeded the 80-ppm residue tolerance limit established by the tobacco industry (Sheets and Nelson, 1989) . Maleic hydrazide is a stable compound, resistant to ultraviolet and thermal degradation, and is not volatile, which likely explains its persistence in manufactured tobacco products (Collins and Hawks, 2013) . Given the need that exists for the use of MH in the production of flue-cured tobacco, US producers would benefit from alternative application methods that might prevent vegetative interception of the chemical. One proposed application method is the delivery of MH to the soil surface through a high solution volume that would promote soil infiltration and root absorption. Root assimilation of MH has been reported in oats (Avena sativa L.) (Levi and Crafts, 1952) , tomato (Solanum lycopersicum L.) (Schoene and Hoffman, 1949; Venezian et al., 2017) , and by tobacco seedlings evaluated in greenhouse trials (Hoffman et al., 1962) . However, desired results have often proven inconsistent (Venezian et al., 2017) or were achieved through extremely high MH application rates (Schoene and Hoffman, 1949; Levi and Crafts, 1952; Hoffman et al., 1962) . The research contained herein was conducted in 2014 and 2015 to test the hypothesis that an alternative MH application method (soil delivery) could deliver sucker suppression equivalent to the conventional application method (foliar delivery) in the field production of flue-cured tobacco.
Location Descriptions and Plot Establishment
Experiments were initiated in 2014 at two locations, the Lower Coastal Plain Research Station (LCPRS) in Kinston, NC (35.297° N, 77.574° W) , and the Oxford Tobacco Research Station (OTRS) in Oxford, NC (36.035° N, 78.610° W). Research was continued in 2015 at the same research stations, providing four separate environments for treatment evaluation. Treatments were arranged in a randomized complete block design, were replicated four times, and were imposed to individual plots measuring 50 ft in length by four rows in width. All four rows of each plot were treated, with the center two rows used for data collection. Row spacing was 44 and 48 inches at the LCPRS and OTRS, respectively. Planting density was 6000 plants/acre in all environments. Tobacco was produced using recommendations from Fisher (2017) , with the exception of treatments imposed.
Application sequence and date for each suckercide are presented in Table 1 . All plots were treated with a foliar application of 85% (a.i.) FA at a 4% v/v concentration when at least half of the plants reached the button stage of flower development. A second foliar FA application was delivered to all plots 6 or 7 d later at a 5% v/v concentration using the same FA source. A third suckercide application was then delivered 7 d after the 5% FA application, with Treatments 1 to 4 receiving flumetralin and Treatments 5 and 6 receiving 5% v/v FA. Flumetralin provides residual sucker suppression ; therefore, FA was applied in Treatments 5 and 6 to quantify the true effect of MH. After harvest of the lower five tobacco leaves, MH was foliar applied in Treatments 1 and 2, and soil was applied along both sides of each plot row in Treatments 3 to 6. All suckercides were applied using a CO 2 -pressurized backpack sprayer calibrated at a delivery volume of 50 gal/acre. Foliar applications were delivered with a standard 20-inch, three-nozzle boom that contained a TG3-TG5-TG3 (TeeJet Technologies) nozzle arrangement. The outside two nozzles were oriented inward at 45° to promote stalk rundown. Soil applications were delivered with a wand containing a single TG5 nozzle calibrated to deliver 25 gal solution/acre. Each side of the plot row adjacent to tobacco in the soil-applied treatments was treated to provide a total solution delivery volume of 50 gal/acre. Maleic hydrazide will not control suckers >1 inch in length ; therefore, prior to MH application, suckers measuring >1 inch in length were hand removed to provide accuracy in quantifying sucker suppression. Two rates of MH were also evaluated within each application method: 2.25 (1´) and 4.50 (2´) lb a.i./acre. Treatments are defined in Tables 2 to 6. A negative control treatment that was topped, but not hand suckered or chemically treated, was included within each environment.
Data Collection and Analysis

Sucker Number, Sucker Weight, and Percentage Control
After the final harvest, all suckers from 20 plants per plot (10/row) were removed, counted, and weighed while green using the methods of Yelverton et al. (1993) .
Yield, Quality, and Value
Cured leaves were weighed from the center two rows of each plot to determine yield and were assigned a USDA grade. Each grade describes leaf maturity and ripeness and has an associated index value and price (Bowman et al., 1988) . Crop value was determined using a combination of leaf yield and quality with price indices reported by Fisher et al. (2017) .
Data Analysis
Data were subjected to ANOVA using the PROC MIXED procedure in SAS 9.4 (SAS Institute, 2013). Treatment was considered to be fixed factor, whereas replication was considered a random factor. Due to significant treatment ´ environment interactions, data were analyzed by individual growing environment. Treatment means were reported using least square means. Means were separated using Fisher's protected LSD at P £ 0.05.
Sucker Number
Foliar (F treatment, foliar MH preceded by foliar flumetralin) applications of MH resulted in the lowest number of suckers per plant (Table 2) . Sucker number increased with SF (soil MH preceded by foliar flumetralin) and SFA (soil MH preceded by foliar FA) treatments when compared with F treatments. Among all treatments, SFA consistently produced the highest number of suckers (1.0-5.9/plant) ( Table 2 ). In both OTRS environments, the number of suckers in SFA treatments were not different from the topped, not-suckered control treatment (Table 2 ). In general, differences between the 1´ and 2´ MH application rates were not significant (Table 2) .
Sucker Weight
In three of the four environments (LCPRS 2015 , OTRS 2014 , and OTRS 2015 , F treatments produced suckers with the smallest mass (Table 3 ). In each of those environments, sucker mass increased by 10 to 17 times in SF treatments when compared with F treatments (Table 3) . Sucker mass was further increased in SFA treatments (Table 3) . As was noted in regards to sucker number, differences between the 1´ and 2´ MH application rates were not significant in most environments (Table 2) . A reduction in sucker mass was noted at the 2´ rate at LCPRS 2015 in SF treatments; however, the reduction in sucker mass was 0.07 g/plant, which is not likely to have a significant agronomic effect (Table 3) . Yelverton et al. (1993) suggests that sucker weight might be a more effective measurement to quantify sucker control than sucker number per plant because many small suckers on a single plant are not as detrimental to yield as a few large suckers. 
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Percentage Control
Sucker control in F treatments ranged from 95 to 100% (Table 4) , which is comparable with results reported by Fisher et al. (2017) . In the OTRS 2014, OTRS 2015, and LCPRS 2015 environments, SF and SFA treatments reduced sucker control relative to F treatments (Table 4) . Sucker control was consistently lowest in SFA treatments. In the OTRS 2014 environment, control in SFA treatments was less than that of the topped, not-suckered control (Table 4) . At the time of rating, suckers in the topped, not-suckered control treatment were mature and beginning to senesce, whereas suckers in SFA treatments were immature and actively growing. This observation indicates that sucker growth was delayed in SFA treatments, most likely due to the foliar FA applications that preceded MH application to the soil surface.
Ultimately, neither the SF nor SFA treatments consistently provided an acceptable level of sucker suppression, due to insufficient MH assimilation. Maleic hydrazide has been reported to rapidly disappear from the soil (Hoffman et al., 1962; Helweg, 1975) . Further investigations of MH disappearance suggest that specific surface area, clay content, and pH influence MH adsorption by soils (Hermosin et al., 1987 (Hermosin et al., , 1991 . Given that the soil types used for this study were classified as Helena sandy loam (fine, mixed, semiactive, thermic Aquic Hapludults) at the OTRS and Goldsboro loamy sand (fine-loamy, siliceous, subactive, thermic Aquic Paleudults) at the LCPRS, it is probable that the clay fraction of the soil profile might be the factor most inhibiting of MH assimilation by tobacco.
Conclusions similar to those reported in this study have been documented in tobacco and other crops. Hoffman et al. (1962) observed stunted tobacco growth in greenhouse studies designed to quantify MH residues in seedlings exposed to increasing MH concentrations in treated soil. Hoffman et al. (1962) further noted that stunting was alleviated over time, and that MH residues were only detected 6 wk after seeding in the highest treatment concentration, which represented a 5´ increase above the standard application rate. Venezian et al. (2017) reported inconsistent findings where drip applications of MH were used to control Egyptian broomrape (Orobanche aegyptiaca Pers.) in tomato production. Venezian et al. (2017) concluded that foliar applications were more favorable than drip application due to soil chemical and physical characteristics that are likely to adsorb or inactivate MH.
Yield, Quality, and Value
Tobacco yield was lowest in the topped, not-suckered control treatment in three environments (Table 5 ). In both LCPRS environments, yield was not affected by MH application program (Table 5) . Sucker control was ³80% (Table 4) in those environments and is the likely factor contributing to similar yield among treatments. Alternatively, in the OTRS 2014 environment, differences in leaf yield were observed, but general trends are difficult to establish when yield is compared with percentage control. For example, treatments with the lowest percentage sucker control (SFA, 2´ MH) yielded similar to F treatments (Table 5) . Given these observations, it is probable that sucker regrowth after suckercide applications was delayed long enough for tobacco yield to remain unaffected. Tobacco quality was not affected by treatments (data not shown), although crop value was greatest in treatments with the highest yields (Table 6 ).
Conclusions
Results indicate that soil applications of MH are unlikely to provide sucker suppression at a level of control that is acceptable to producers and industry. In soil-applied treatments (SF and SFA), suppression was generally lowest when FA was applied instead of flumetralin. This observation indicates that sucker growth suppression in SF treatments was a result of flumetralin application and not MH. Sucker suppression was not improved as MH application rate increased from 2.25 to 4.50 lb a.i./acre, which reinforces the recommendation that 1 gal/acre of 2.25-lb a.i./gal product is sufficient for acceptable sucker control. Lastly, it is probable that the chosen solution volume of 50 gal/acre was not sufficient for immediate soil infiltration and root exposure; therefore, further research is warranted to investigate the effect of application volume. At present, tobacco producers should apply MH to tobacco foliage at rates recommended by the North Carolina Cooperative Extension Service in an attempt to minimize MH exposure to leaves and, therefore, limit the subsequent residues that might remain. ---------------------US$/acre --------------------- # Treatment excluded from analysis due to plot loss.
